One of the most common types of urinary stones formed in humans and some other mammals is composed of calcium oxalate in ordered hydrated crystals. Many studies have reported a range of metals other than calcium in human stones, but few have looked at stones from animal models such as the dog. Therefore, we determined the elemental profile of canine calcium oxalate urinary stones and compared it to reported values from human stones. The content of 19 elements spanning 7-orders of magnitude was quantified in calcium oxalate stones from 53 dogs. The elemental profile of the canine stones was highly overlapping with human stones, indicating similar inorganic composition. Correlation and cluster analysis was then performed on the elemental profile from canine stones to evaluate associations between the elements and test for potential subgrouping based on elemental content. No correlations were observed with the most abundant metal calcium. However, magnesium and sulfur content correlated with the mineral hydration form, while phosphorous and zinc content correlated with the neuter status of the dog. Inter-elemental correlation analysis indicated strong associations between barium, phosphorous, and zinc content. Additionally, cluster analysis revealed subgroups within the stones that were also based primarily on barium, phosphorous, and zinc. These data support the use of the dog as a model to study the effects of trace metal homeostasis in urinary stone disease.
Introduction
Symptomatic urinary stone disease (urolithiasis) is a source of severe pain and infection with growing incidence and penetrance worldwide [1] . In the US alone, treatment for urinary stones accounts for more than $2 billion in annual medical expenditures, yet there has been little progress in the development of preventative strategies for stone management even after several decades of investigation. More insight into the pathophysiology of stone formation is needed to drive effective novel treatments for this disease [2] . One approach is to utilize animal models to study urolithiasis. The dog has generated research interest because it spontaneously forms urinary stones that physically and chemically resemble those found in humans [3] . Like the human disease, urolithiasis in dogs results in significant morbidity and veterinary costs, and knowledge of etiology is lacking. The most common urolith submitted to clinical laboratories in the past 15 years from dogs is composed predominantly of calcium oxalate (CaOx), as in humans. CaOx stones can occur in the upper or lower urinary tract in dogs, and treatment modalities used are similar to those used in humans, including laser lithotripsy and dietary modification [4] [5] [6] [7] [8] [9] [10] . In human calcium-based stones, several studies have reported the presence of proteins, organic acids, polysaccharides, and a variety of metals other than calcium, revealing a complex chemistry in the stones [11] [12] [13] [14] [15] [16] . However, compositional work with similar type stones in dogs has not been as well developed.
In CaOx stones, the mineral type is classified based on hydration state, namely as a monohydrate (CaC 2 O 4 ÁH 2 O, whewellite, or COM) or a dihydrate (CaC 2 O 4 Á2H 2 O, weddellite, or COD), as the major groups. Understanding the subtype of CaOx mineral is important because it affects clinical treatment. For example, stones composed primarily of COD are known to be more sensitive to extracorporeal shock wave lithotripsy (SWL) than other calcium mineral types, directing a more invasive but often more successful surgical approach [17] [18] [19] . Determining the composition of these CaOx subtypes requires specialized equipment and training, and has a high error rate. Furthermore, these conventional techniques cannot identify the other minor components within the stones that might have functional relevance. Having more robust compositional data on urolith composition may be useful to the clinician for therapeutic and preventative strategies. It is known that different calcium-based minerals have varying capacity to incorporate trace metals [11, 13, 16] , so the elemental profile might also be useful for identifying the subtypes of CaOx stones. This study will measure the elemental profile in the common CaOx stone type in dogs, as an emerging animal model for studying urinary stone disease. The compositional metal profile will then be compared to the known metal content in human CaOx stones and to other stone characteristics in the dog.
Methods

Veterinary information
Canine CaOx urinary stones submitted the Gerald V. Ling Urinary Stone Analysis Laboratory at the UC Davis School of Veterinary Medicine (http://www.vetmed.ucdavis.edu/usal) between 2013-2014 were used for this study. The uroliths were chosen at random from a collection of stones stored at the laboratory. Dog and stone information was obtained from a relational database originating from questionnaires provided by the submitting veterinarians that included age, breed, sex, body weight, and current diet(s) of the dog. Institutional Animal Care and Use Committee approval was not needed for use of the urinary stones since the removal of the stones was determined to be medically necessary. Stone sample analysis is part of standard medical care, at which time they became the property of the laboratory and available for this study.
Determination of stone chemistry
Mineral analysis of the canine stones was determined as previously described [3, 20] . Calculi are examined for surface and cross sectional textures under a dissecting microscope. Mineral identify was determined using polarized light microscopy and infrared spectroscopy based on crystallographic features such as refractive index, birefringence, and crystal shape. For purposes of this study, CaOx stones included COM, COD, or a combination of both; minor levels of apatite (Ca 5 (PO 4 ) 3 (F,Cl,OH)) or brushite (CaHPO 4 Á2H 2 O) were accepted if 1% or less. The percentage of the detected mineral within each layer was estimated by calculating a mean value for the crystal counts obtained by microscopic examination of 5-10 microscopic slides.
Determination of stone elemental content
The elemental content of the canine stone samples was determined by inductively-coupled plasma optical emission spectrometry (ICP-OES) at the CHORI Elemental Analysis Facility (http://www.chori.org/Services/Elemental_Analysis_Facility/elemental_analysis.html). For each stone, two separate fragments from a single stone sample were randomly selected for elemental analysis. The mean stone fragment size was 98 ± 31 mg. Selected stone samples were then digested in 0.5 ml 70% HNO 3 and incubated overnight at 60°C with 150-200 rpm orbital shaking. The acid lysates were then diluted to 5% HNO 3 with water, clarified by centrifugation, and introduced via a pneumatic concentric nebulizer using argon carrier gas into a Vista Pro ICP-OES (Varian, Inc). The ICP-OES was calibrated using National Institute of Standards and Technology-traceable elemental standards and reference material. The utilized method measured 34 elements with a minimum detection between 0.031-3.125 parts per million (S1 Table) . Instrument precision for each element was typically between 5-10%. Cesium (50 ppm) was used for ionization suppression and yttrium (5 ppm) was used as an internal standard for all samples. All reagents and plasticware were certified or routinely tested for trace metal work. Elemental content data was summarized using native software (ICP Expert; Varian Inc) and normalized to the weight of the stone samples.
Statistics
Graph and standard statistical testing was conducted using Prism 6c (GraphPad Software, Inc.) Outlier analysis was conducted using the GraphPad ROUT algorithm with Q = 0.1% [21] . Correlations between element values and stone characteristics were tested using t-tests or one-way, two-tailed ANOVA with Tukey's post hoc test as appropriate; statistical significance was defined as p<0.05. Correlations between element values were tested using a simple linear regression algorithm, where goodness of fit was reported using coefficient of determination (r 2 ) values. Cluster analysis of elemental content was conducted using Cluster 3.0 (Michael Eisen, Stanford University and Michiel de Hoon, University of Tokyo) and TreeView 1.1.6r4 (Alok Saldanha, Free Software Foundation, Inc.) [22] .
Results
Fifty-three canine stone samples were randomly selected from a biobank of dog urinary stones identified as predominantly CaOx. Physical information for the dog and stone type was available for most of these dogs, showing a wide range of breeds and other characteristics (Table 1) . Each canine stone sample was then analyzed for elemental content. Elemental values were included only if detectable in at least 10% of all stone samples, though most were detectable in >90% of stone samples. Nineteen elements were quantified, including aluminum (Al), barium (Ba), boron (B), calcium (Ca), chromium (Cr), copper (Cu), iron (Fe), lead (Pb), magnesium (Mg), manganese (Mn), molybdenum (Mo), phosphorous (P), potassium (K), silicon (Si), sodium (Na), strontium (Sr), sulfur (S), vanadium (V), and zinc (Zn). Five other elements including lithium (Li), rubidium (Rb), selenium (Se), tin (Sn), and titanium (Ti) were detectable in fewer than 10% of the stone samples, so were not included in this analysis. From this dataset, outlier analysis was applied which removed between 0-8 values from each elemental category. The result was a rank-ordered profile of weight-normalized element components spanning 7-orders of magnitude in concentration within the canine CaOx stones (Fig 1A and S2 Table) . The range and variability of elemental content within the canine stones was then compared to the reported elemental content in human CaOx stone types (Fig 1B) . Four studies have been published in the last 5 years that provide elemental values for predominantly CaOx stones from human patients with active urinary stone disease [23] [24] [25] [26] . There was a high degree of overlap in the content of the constitutive and trace element groups between human and dog stones, indicating chemical similarity of inorganic component in these stones. The wide range of some elements within the canine stones raised the possibility of associations with other characteristics of the stones or whole animal (Table 2 ). There was no significant correlation between Ca levels in stones to age of dog at stone removal, sex, and reproductive status of animal, weight of animal, and hydration type of CaOx mineral (COM vs. COD). Furthermore, no significant correlations were found between consumption of dry compared to canned food and Ca levels in the canine stones (not shown). Qualitative evaluation of Ca levels in canine stones to specific breeds or specific diet manufacturers revealed no obvious association with the extreme Ca values (not shown). However, significant associations between P and reproductive status of male animals was noted, specifically that greater P was found in stones from intact compared to neutered male canines (Table 2) . This relationship was not measurable in females because only 1 female dog was intact in this sample of stone-forming canines. Comparison of P levels in canine stones to all other factors revealed no significant correlations. Also, the levels of B, Ba, Cr, and Zn were found to be significantly more abundant in intact male canines compared to neutered male canines. There was an apparent trend for higher Cu and Mg levels in intact male canines compared to neutered male canines, but did not reach significance. Additionally, the levels of K, Mg, and S were found to be significantly more abundant in COM than in COD mineral types.
The similarity in associations among several elements -particularly Mg, P, and Zn -prompted an inquiry as to whether specific elemental content would correlate with other elements within the canine CaOx stone. To determine if there were elements that associated with each other within the stones, the levels of each element levels was plotted against all other elements and then evaluated by a linear regression function; the results of this analysis are displayed in a correlation matrix (Table 3) . Significance was determined by the r 2 of the linear regression function, with values between +/-0.2 considered non-significant. The strongest positive correlations (r 2 > 0.6) were found between the element pairs of Mg/K, Mg/Na, Mg/P, P/B, P/Ba, P/Cr, and P/Zn. The strongest negative correlations were found between Mo and the elements Ba, Pb, and Zn, though the strength of the association was significantly lower than the positive associations. Cluster analysis was then utilized to find associated groups of elements within the canine CaOx stones. A subset of element values were log-transformed, normalized to the group mean, The elemental content of the canine stones was compared to physical (age, sex, and reproductive status) or dietary characteristics of the dog. The elemental content of the canine stones was also compared to mineral type of each stone. The linear regression function between element content in canine stone and dog age at time of stone collection was evaluated using the coefficient of determination (r 2 ). The remaining categories were tested by standard t-test between element content in stone and category value. "Sex" category indicates whether dog was male or female, regardless of reproductive capacity. "Male Status" category indicates whether male dog was intact or neutered; female dogs were not compared due to few stones from intact female dogs. "Food Type" category indicates whether dog was predominantly fed commercial dry pellets or canned food. "Stone Surface" category indicates whether the surface of the canine stone was determined to be predominantly (>99%) COM or COD; stones with mixed mineral types were not included in this analysis. The mineral type at the core of the canine stone was not compared because most (>90%) stones had cores containing COM, regardless of the surface mineral type. A value of "p<0.05" indicates that the specific element significantly correlated with a specific value of the category. "NA" indicates that too few (n<3) points were available for comparison for the specific element and category value. and entered into an unsupervised hierarchical clustering model with correlation defined by a Euclidean distance function. The results were then visualized using heatmap and dendrogram functions (Fig 2) . Among the elemental clades, the grouping that defines the greatest differences within the canine stones was the combination of Ba, P, and Zn. This was an interesting finding, as the stone content of Ba, P, and Zn had demonstrated association with each other and with specific stone and whole animal characteristics in previous correlation analyses. Within the next set of elemental clades, the Fe content was the next most important defining variable, followed by the group of K and Mg. Ca was among the least important elements in defining new clades, despite the abundance of Ca levels in the stones. Additionally, the canine stones themselves were clustered based on their elemental profile. The most significant clade contained only two stones, which had high values for most elements; since this was a rare phenotype, so we did not focus on this result. The second-most significant clade was based predominantly on higher levels of the group Ba, P, and Zn, which accounted for about 40% of the samples; the other 60% mostly had lower-than-mean levels of these 3 elements. This result was interesting because it suggested a subgroup of canine CaOx stone types that had not previous been reported. The next most significant clade was again based on high Fe, K, and Mg values, reflecting what had been observed with the elemental grouping results.
Discussion
Urinary stone formation often occurs spontaneously in the dog and human, but the underlying causes are not understood. CaOx has become the most common mineral detected in canine uroliths, as in humans [3, 27] . Dogs also share many risk factors for stone disease with humans, such as being male and overweight [3, [27] [28] [29] [30] . These similarities suggest that the dog might serve as a model for urinary stone disease to help improve outcomes in both species. Comparison of the median and range of elemental content for the canine stones revealed a high degree of overlap with the median and range of most elements reported for human stones from all known reports published in the last 5 years. Overall, these findings support a conclusion that the canine CaOx stone is chemically similar to the analogous human stones at the inorganic level. Further work looking at organic and structural components would be helpful to confirm the similarities in the animal model. In the canine stones, the most abundant metal was Ca at 215 ± 53 mg per gram stone, or over 20% by mass. The Ca content in pure COM is 27% and COD is 24%, but actual stones (canine and human) are known to also contain small amounts of protein, small molecules, and other metals [11] [12] [13] [14] [15] [16] , so it is expected that actual Ca levels in CaOx stones would be less than the theoretical estimates. Following Ca are the constitutive elements (<1000 μg/g stone) P, Na, Mg, K, and S, which are known to be present in biomineral formations. Phosphate minerals (e.g. brushite and apatite) are often found within Ca-based stones, so high P levels were expected in these stones [31] . The levels of Na, Mg, and K are high in the urine, so the presence of these metals in canine stones not surprising. S is expected as well, as sulfates and proteins are also known to be in urinary stones. The next set of elements detected in the canine stones was the trace elements (10-1000 μg/g stone), which include Sr, Zn, and Fe. Many of these metals are known to be present in urinary stones, especially Sr and Zn that have similar physical properties to Ca and have been shown to affect stone properties [23, [32] [33] [34] [35] . Finally, several ultratrace elements (<10 μg/g stone) were detected in the canine stones, such as Ba, B, and Mn. Some of the ultratrace elements have been measured in previous studies of stone composition [23] , although all remain poorly characterized.
The elemental content in canine CaOx stones was compared with other characteristics of the stone or whole animal, in line with previous studies [27, 36] . Ca levels did not demonstrate any significant relationship with characteristics of stone or animal. The standard deviation of Ca levels between canine stones was only approximately 25% of the group median, indicating a low amount of variance in Ca levels within the stones. Thus any difference in Ca between subgroups of CaOx stones would be small. Conversely, P had a wider standard deviation of 70% from the group median, indicating greater variance. When tested for associations with dog or stone characteristics, P content was significantly greater in stones from intact male canines compared to neutered male canines. This pattern was found to be the same for Zn content in the canine stones, and a trend with Mg content. It is unclear why canine stones from intact males would be greater in P and Zn. The intact males would likely have higher circulating androgen hormones, which can affect circulating and tissues levels of Zn, but there are no reports on androgen levels and stone Zn levels.
Another association was observed for the mineral type of the surface of the canine CaOx stones. These stones containing COM were found to have significantly elevated levels of Mg and S compared to stones mostly containing COD. The different CaOx types belong to distinct Weight-normalized values for each elemental group were log-transformed and normalized to the group mean before being entered into a hierarchical clustering model with correlation defined by a Euclidean distance function. Elemental groups with missing data were removed, leaving 10 elements for the analysis. The heatmap displays the relative divergence from the mean with increasing shades of red being higher and increasing shades of green being lower than mean value of the elemental group. The numbers on the side of the heatmap identify the specific canine stone sample, whereas the elemental category is described across the top of the heatmap. The dendrogram displays the different clades, with greater height of the branch points indicating greater differences between the leaves. doi:10.1371/journal.pone.0128374.g002
crystal systems (COM is monoclinic while COD is tetragonal), so the crystal type may affect the inclusion rates for other elements. Mg content has been measured in bone and urinary stones of mammals, and is known to be able to compete for binding to Ca binding sites, including oxalate [37] . Molecular dynamics studies showed that the presence of Mg alters the CaOx mineral structure by reducing the size of the crystal aggregates and destabilizing ionic pairing [38] . Moreover, it has been reported in human patients that lower levels of Mg in stones composed primarily of COM were associated with the stones being more resistant to SWL [19] . In this study, Mg levels in canine CaOx stones had a standard deviation of 70% from the group median. However, the effect of Mg levels on canine stone hardness is not known. S is also abundant in the canine CaOx stone, but less is known about the form and role of S compared to Mg. S, as sulfate, can compete for Ca binding, and has been proposed to affect stone formation rates in humans, but S could also be present as S-containing amino acids or small molecules like thioesters [39] . It is difficult to propose a role for S within the canine stones without knowing the major form(s).
Element-element relationships were also evaluated in the canine CaOx stones, as has been reported in previous human stone studies [34, 40] . Ca failed to demonstrate significant correlations with the other elements. The strongest positive correlations of element pairs were found among the elements B, Ba, Cr, K, Mg, Na, P, and Zn (r 2 >0.6). In this group of elements, Mg and P had the greatest number of associations, with participation in more than 3 significant correlation pairings. As described previously, Mg content in human stones has been proposed to affect urinary stone formation and hardness, but further study is needed in canine stones. P levels in stones is even less understood than Mg, but thought to be important as phosphate minerals may affect stone formation. The strongest negative correlations were found between Mo in a correlation pair with the elements Ba, Pb, or Zn, although the strength of the correlation was lower than with the positive correlations. There is little information as to the role of Mo within uroliths [16] . Since several of the same elements correlated with stone characteristics and/or each other, hierarchical cluster analysis was used to determine the strength of grouping effects with these elements in the canine CaOx stones. The results indicated that Ba, P, and Zn were a significant grouping set of elements that defined some of the most significant differences within the stones, leading to natural subgroups based solely on elemental content. This was an interesting finding, since Ba, P, and Zn had some of the stronger associations among the collective constituent elements. Secondary grouping within the primary element divisions was driven by the elements Fe, K, and Mg. The importance of these subgroups is not immediately clear, but these groupings may correlate with etiological or physical properties of the stone. For example, the pattern of high Ba, P, and Zn content may strongly predict a stone that is resistant to SWL, which may influence the best clinical treatment strategy.
Ultimately, what drives the elemental content within the canine urinary stones is not clear. Historically, patients were advised to avoid Ca-containing foods to reduce Ca-based stone formation. However, this approach has since been discredited, as epidemiological and a few prospective studies in humans failed to show a benefit of reduction of dietary Ca, unless the baseline Ca intake was very high [41] [42] [43] . We now understand that urinary Ca is highly regulated, and dietary changes are poorly effective in changing urinary Ca excretion in patients. In dogs, the effect of Ca intake on Ca-based stone risk has lead to mixed results in a few epidemiological and prospective studies [44] [45] [46] . The effects of trace metal intake are not understood for either canine or human CaOx stone risk. For Fe and Zn, the renal system is not the dominant route of excretion, so little is known about the renal handling of these metals. However, it is possible that dietary manipulation could have a supportive role in the prevention of stones if it were shown that any of the non-calcium metals have a role in urolithogensis. In dogs, specialty foods marketed for stone prevention are available to the consumer, but the Ca and other components are not well standardized. If specific minerals associate with relevant stone properties, changes in canine diet formulation may be warranted.
Supporting Information S1 Table. Element wavelengths and limits used for elemental analysis. The listed elements at given wavelength (nm) were chosen for optimal analytic characteristics for analysis of CaOx stones. The minimum detection limit for each element is listed (ppm). The maximum detection limit is not applicable as all samples were diluted until the queried element was within detection range of the instrument calibration. (DOCX) S2 Table. Weight-normalized elemental content in canine calcium oxalate-type urinary stones. The elemental content (μg element/g stone) content of 19 elements (n = 6-53) quantified from CaOx stones types from canine patients is listed and ordered based on abundance based on group median, as illustrated in Fig 1. Data includes the group median, the maximum and minimum values, and the interquartile range (25% and 75%). Additional data includes the "%CV," the coefficient of variation (standard deviation/mean), and "kurtosis," fourth moment of the population, as measures of frequency distribution of the elemental values. (DOCX)
